Cadaveric dissection demonstrated the lumbar plexus to lie within the substance of psoas major, with the major branches of the lumbar plexus emerging into the psoas compartment adjacent to the L5 vertebra. Within psoas major, the lateral femoral cutaneous and femoral nerves were separated from the obturator nerve by a muscular fold in 36 of 60 plexuses. Anatomical variations were common, with the accessory obturator nerve being identified in 12 per cent of plexuses. All previously described lumbar plexus block approaches positioned the needle within close proximity to the lumbar plexus. Modifications to these approaches may increase efficacy and reduce complication rates.
With lower limb surgery commonplace, effective management of postoperative pain is important. Whilst alternatives such as epidural analgesia are commonly used, lumbar plexus block may offer significant advantages in terms of quality of analgesia and a lower incidence of side-effects and complications.
Lumbar plexus nerve block provides unilateral analgesia without motor blockade or the undesirable effects of sympathectomy. Complications are reported in up to 9% of epidural recipients 1 , with severe hypotension occurring in 1.8% 2 . The conflict between deep vein thrombosis (DVT) prophylaxis and the potential for neuraxial haematoma has been instrumental in shifting thinking away from epidural anaesthesia.
Despite the theoretical merit of lumbar plexus block over epidural anaesthesia, there is little evidence that it provides superior postoperative analgesia. Shultz and colleagues performed one of the few randomized double-blind controlled trials comparing lumbar plexus block with epidural anaesthesia 3 . Comparable pain scores in the two groups were observed, along with lower incidences of nausea, vomiting, pruritus and urinary retention amongst lumbar plexus block recipients. The primary shortcoming of this study is the small study sample of 22. Similarly, a recent study of 87 lumbar plexus block recipients, which demonstrated a high success rate and few complications, did not have epidural controls and only involved postoperative follow-up of a subset of the study sample 4 . The lack of supportive literature has contributed to the relatively low use of the block.
Review of the Anatomical Literature
The lumbar plexus lies within the psoas major muscle, between its anterior and posterior masses. It is formed by the anterior rami of the first four lumbar nerves, with a contribution from the twelfth thoracic nerve via the dorsolumbar nerve in 60 per cent of plexuses 5 . The nerve supply of the lower limb is derived entirely from the lumbar and sacral plexuses.
The nerves arising from the upper lumbar plexus supply abdominal wall musculature and skin of the suprapubic and inguinal regions. Emerging from the lateral border of psoas major, the iliohypogastric and ilioinguinal nerves pass across quadratus lumborum to supply the skin of the abdominal wall adjacent to the lower limb. The genitofemoral nerve supplies the cremaster muscle and skin of the femoral triangle, scrotum, labium majus and mons pubis 6 . This nerve is usually derived from the first two lumbar nerves and descends upon the anterior aspect of psoas major, emerging opposite the L3 or L4 vertebra 7 .
The three main nerves of the lumbar plexus, namely the lateral femoral cutaneous, femoral and obturator nerves, contribute to the innervation of the lower limb. In particular, blockade of these nerves, combined with sciatic blockade, can produce complete blockade of the lower limb.
The lateral femoral cutaneous nerve typically arises from the dorsal branches of the second and third lumbar nerves. It passes anteriorly across iliacus muscle to innervate the skin of the anterolateral aspect of the thigh, with its terminal branches contributing to the patellar plexus 6 .
The femoral nerve is the largest terminal branch of the lumbar plexus and emerges from the lateral border of psoas major adjacent to the L5 or S1 vertebra 7 . It runs posterior to the fascia iliaca between the lateral femoral cutaneous and obturator nerves, in a gutter formed by psoas major and iliacus 8 . The femoral nerve innervates iliacus, pectineus and the quadriceps muscles, with articular branches innervating the knee joint. Sensory branches supply the anteromedial aspect of the thigh, and the saphenous nerve, its terminal branch, supplies skin as far as the first metatarsal.
The ventral branches of the second to fourth lumbar ventral rami form the obturator nerve, which emerges from the medial border of psoas major opposite the L5 vertebra. The obturator nerve passes anterior to the L5 transverse process and sacroiliac joint before supplying the hip adductors, skin of the medial aspect of the thigh and the articular capsule of the knee. Occasionally, an accessory obturator nerve arises from the third and fourth lumbar ventral rami. When present, it supplies the hip joint, pectineus and adductor longus, and may communicate with the obturator nerve. It was found in 39 of 228 and 20 of 246 plexuses by Horwitz and Bardeen respectively 5,9 . The lumbosacral trunk arises from the fourth and fifth ventral rami, and contributes to the sacral plexus. It contributes to the articular branches of the sciatic nerve that accompany the genicular arteries to supply the knee. Anatomical variations from the generally accepted plexus formation are common, with Horwitz encountering variations in 28% of plexuses 5 . Cephalic and caudal shift of the plexus is commonly related to vertebral column length. Bardeen reported pre-fixed plexuses to be associated with shortening in 26 of 34 dissections, and post-fixed plexuses to be associated with lengthening in 13 of 33 dissections 9 . There were no systematic differences in the presence of variations between genders, ethnicity or left-and right-sided plexuses 9 .
The branches of the lumbar plexus run within a common plane within the substance of psoas major. Upon emergence from psoas major, they remain within the fascia iliaca compartment 10 . Single procedure blockade of these nerves is reliant on such a continuous perineural space surrounding the plexus, allowing anaesthetic to spread throughout.
Lumbar Plexus Block
Winnie first described the anterior inguinal para-vascular approach in 1973 11 . Anaesthetic is injected into the peri-femoral sheath, while digital pressure and massage force the anaesthetic cephalad. Such cephalad spread of anaesthetic has been tracked by the injection of radio-opaque solutions 11 . Inadvertent plexus block resulting from lateral femoral cutaneous nerve block supports the existence of a continuous perineural space allowing anaesthetic spread 12, 13 . Clinical studies question the usefulness of this approach in lower limb surgery. Although Winnie determined that 20 ml of solution assures obturator blockade, Parkinson established that large volumes of anaesthetic fail to block the obturator nerve 11, 14 .
The inconsistent nature of blockade may be due to the obturator nerve being contained within its own muscular fold of psoas major, separated from the other nerves 15 . The value of this approach is further limited by its failure to provide sciatic nerve blockade, even with the injection of large volumes of anaesthetic 11, 14 .
Dalens and co-workers demonstrated that the introduction of anaesthetic into the adjacent fascia iliaca compartment in children improves effectiveness from 20 to 90% 10 . Additionally, although neurostimulation enhances needle accuracy, paraesthesia screening increases the likelihood of lateral femoral cutaneous block, possibly due to an increased incidence of inadvertent fascia iliaca compartment block 14 . This implies that even though anaesthetic can spread throughout the fascia iliaca compartment to reach the lumbar plexus, it cannot track cephalad when injected into the peri-femoral sheath. This is substantiated by numerous studies [16] [17] [18] .
Instead of blocking the nerves as they emerge from the lumbar plexus, posterior approaches block the nerve roots within the plexus. Consistent blockade of the hip flexors is achieved, while Dalens demonstrated sciatic block in 92 percent of children 14, 19 . Hanna and colleagues showed that an L2-3 approach with needle insertion 3 to 5 cm lateral to the midline at this level confines injected solution to the lumbar plexus and posterior aspect of psoas major 20 . The anterior aspect of psoas major, sacral plexus, sympathetic chain and extradural spaces are spared. However, this study was performed on only six cadavers and did not involve clinical work. Chayen and Winnie have described L4-5 psoas compartment approaches. Chayen described needle placement 3 cm caudal and 5 cm lateral to the L4 spinous process 21 . Alternatively, Winnie described needle insertion at the intersection of the intercristal line and a vertical line passing through the posterior superior iliac spine 22 . Both approaches place the needle within the L4-5 interspace (i.e. the paravertebral region between the L4 and L5 transverse processes), about 4 to 5 cm from the midline 14 .
Notably, suggestion that the lumbar plexus is within the psoas compartment at L4-5 is controversial, with Farny demonstrating it to be within the substance of psoas major at this level 15 . Radiographic studies support this finding 7 .
Posterior approaches may inadvertently pierce the extradural or subarachnoid spaces, allowing epidural or intrathecal spread of anaesthetic 20 . Bilateral neuraxial block may also result from medial spread of anaesthetic into the paravertebral space rather than incorrect needle placement. Thus, medially oriented approaches are more likely to produce bilateral blockade. This is substantiated by Dalens and colleagues who report a correlation between lumbosacral trunk stimulation and neuraxial block 19 . Medial approaches also pose the possibility of cerebrospinal fluid and vascular tap in patients with gross lumbar deformities, and sympathetic block secondary to anaesthetic extravasation 21, 23 .
The objective of this study was to dissect, identify and document the anatomy of the lumbar plexus and its relations, in order to validate previously described approaches to lumbar plexus block and describe possible ways of enhancing current practices. This study was also designed hoping to increase awareness of the potential benefits of this technique.
MATERIALS AND METHODS
Detailed dissection of the lumbar somatic plexus was performed on thirty adult cadavers (sixty lumbar plexuses) at The University of Melbourne, Australia. Dissection followed a prepared protocol. The anatomy of the lumbar plexus and its relations to surrounding structures, including psoas major, quadratus lumborum and the vertebral column, were documented.
The plexus was dissected from within the substance of psoas major. The lumbar plexus and its relationship to fascial planes, including the psoas compartment, were examined. Anatomical variations in the plexus and its branches that may impact upon the efficacy of lumbar plexus blockade were recorded and photographed.
The distance from the midline of various structures, including the medial and lateral borders of psoas major, was measured. Statistical analysis was conducted using SPSS for Windows 11.0. Student's t-tests were used to analyse differences in measurements between plexuses in males and females, and left-and right-sided plexuses. Correlation with age was determined through calculation of Pearson's coefficient. Non-parametric data were compared using the Chi-squared and Fisher exact tests, and odds ratios were computed where applicable. A P value <0.05 was considered statistically significant.
RESULTS
Fourteen of the 30 cadavers were males, and their mean age was 84 (range 54-102) years.
The lumbar plexus arose from the first four lumbar ventral rami and lay within psoas major between its main (anterior) and accessory (posterior) parts. The iliohypogastric, ilioinguinal and lateral femoral cutaneous nerves passed across the anterior aspect of quadratus lumborum after emerging from the lateral border of psoas major.
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The nerve roots contributing to the lateral femoral cutaneous nerve were found to be variable, with the nerve arising from the second and third lumbar nerves, as described in texts 6 , in only 32 plexuses ( Table 2 ). In 22 instances, the nerve was derived solely from the second lumbar ventral ramus, and in two cases, from the first two lumbar nerves. It arose directly from the femoral nerve on six occasions. The lateral femoral cutaneous nerve emerged from the lateral border of psoas major adjacent to L5 or the adjoining intervertebral spaces in more than 70% of plexuses ( Table 1 ).
The femoral nerve was derived from the posterior divisions of the second to fourth ventral rami. The level at which the femoral nerve emerged from psoas major to enter the psoas compartment was variable, ranging from L4 to S1 (Table 1 ). In the majority of plexuses, it did not lie within the psoas compartment at L4-5. There were no systematic differences between genders or left-and right-sided plexuses.
The smaller anterior divisions of the second to fourth rami gave rise to the obturator nerve. It usually emerged from the medial aspect of psoas major adjacent to the intervertebral disc between L5 and S1 ( Table 1 ). Within the substance of psoas major, the obturator nerve lay medial to the lateral femoral cutaneous and femoral nerves. Although these latter two nerves lay within the same fascial plane, the obturator nerve was separated from these nerves by a muscular fold in 36 of 60 plexuses (Figure 4) .
The accessory obturator nerve was identified in 7 of the 60 plexuses (Table 3) . It was noted more frequently (P=non-significant) in left-sided than right-sided plexuses, and more commonly in females.
Measurements taken from the cadavers showed no 183 ANATOMY AND ANAESTHESIA OF THE LUMBAR PLEXUS systematic differences between left-and right-sided plexuses, and no correlation with age. Statistically significant differences between genders were observed, with distances being larger in males ( Table 4 ). The mean distances from the midline were:
• medial border of psoas at L2 (2.6±0.4 cm) and L4 (2.7±0.4 cm); • lateral aspect of psoas at L2 (4.0±0.9 cm) and L4 (5.5±0.8 cm); • transverse process tip at L2 (4.3±0.4 cm) and L4 (4.2±0.5 cm); • the lateral femoral cutaneous nerve at L4 (4.1± 0.7 cm); and • the sympathetic trunk (2.0±0.5 cm).
DISCUSSION
Cadaveric dissection revealed that the lumbar plexus formed within a plane in the substance of psoas major. This muscle was covered by the psoas fascia and lay anteromedial to quadratus lumborum. As the branches of the lumbar plexus leave psoas major, they pass across the anterior aspect of quadratus lumborum. Therefore, any posterior paravertebral approach necessitates piercing this muscle to access the lumbar plexus.
Chayen et al described an L4-5 posterior psoas compartment approach that introduces anaesthetic into the fascial plane between psoas major and quadratus lumborum 21, 22 . However, at this vertebral level, the lateral femoral cutaneous, femoral and obturator nerves are often within psoas major. They usually emerge from psoas major adjacent to the L5 vertebra or intervertebral disc between L5 and S1. In particular, the femoral nerve emerged adjacent to L5 or lower in over half the dissected plexuses. This is consistent with the finding of Farney and co-workers that the lumbar plexus is within the substance of psoas major at the level of L5 15 .
Even though the lumbar plexus is not usually within the psoas compartment at L4-5, Chayen demonstrated a 90 percent success rate using a L4-5 psoas compartment approach 21 . Whilst this may indicate that Chayen incorrectly localized the psoas compartment to between the psoas major and quadratus lumborum muscles, it also suggests that the psoas compartment is continuous with the perineural space surrounding the lumbar plexus. Although this was not demonstrated on dissection, the femoral nerve may enter the psoas compartment caudad to L4-5 and anaesthetic may spread caudally to the peri-femoral sheath before tracking cephalad along the femoral nerve to access the remainder of the plexus. Consequently, the L4-5 psoas compartment approach provides indirect access to the psoas sheath. Direct injection into the psoas sheath could improve anaesthetic delivery to the lumbar plexus. Detailed dissection and investigation looking for continuity between the lumbar plexus and space between the psoas major and quadratus lumborum muscles is warranted.
Although the lateral femoral cutaneous and femoral nerves lie within the same fascial plane, the obturator nerve is commonly separated from the other nerves, frequently being contained within its own muscular fold. Farny and co-workers also made this observation in two of four plexuses 15 . This may prevent anaesthetic introduced into the peri-femoral sheath from spreading to the obturator nerve, explaining the inconsistent nature of obturator blockade achieved by the inguinal three-in-one approach 11, 14 . An alternative to this approach is the fascia iliaca compartment technique, as described by Dalens and colleagues for children. They found this technique produced obturator blockade in 75% of patients, while Capdevila concluded that the fascia iliaca approach provided faster and more consistent simultaneous blockade of the lateral femoral cutaneous and femoral nerves 10, 18 . Importantly, although such an approach appears to be anatomically superior, this has not translated into a successful approach for adults. Further anatomical and clinical studies into the Dalens approach may lead to modifications for successful adult use.
Anatomical variations in the formation of the lumbar plexus were identified in over 40% of the plexuses dissected. These variations were mostly trivial, with the majority involving different nerve root derivation of the lateral femoral cutaneous nerve or presence of an accessory obturator nerve.
In 6 of the 60 plexuses, the lateral femoral cutaneous nerve arose directly from the femoral nerve rather than the lumbar plexus. Such a variation may impact on the clinical efficacy of lumbar plexus blockade, since femoral nerve block would then be likely to also produce lateral femoral cutaneous nerve block. Similarly, lateral femoral cutaneous block would produce femoral nerve block, as described by Sharrock 12 and Lonsdale 13 . The impact of the presence of this variation on femoral and lateral femoral cutaneous block is yet to be investigated.
An accessory obturator nerve was present in 7 of 60 (12%) of plexuses. Other studies have determined similar incidences, with Bardeen, Schmidt and Pokorny identifying the nerve in 8, 13 and 7.5% of plexuses respectively 9 . However, Horwitz and Eisler quote considerably higher incidences, namely 17 and 29% respectively 5 . Such observed differences in the presence of the accessory obturator nerve may be attributable to contrasting dissection technique and protocol, differences in recognition of its presence, and/or chance.
The accessory obturator nerve was identified more frequently in left-sided plexuses, with five of the seven cases occurring on the left. The nerve was also identified six times in female cadavers, compared with once in male cadavers. Similar patterns have not been reported by previous researchers 5, 9 and because the results were not statistically significant, it may be that these findings are attributable to an atypical collection of plexuses, i.e. random chance.
Presence of an accessory obturator nerve has clinical consequences for lumbar plexus block. The accessory obturator nerve supplies pectineus, adductor longus and the hip joint, and a branch connects to the anterior branch of the obturator nerve 6 . Consequently, achievement of complete obturator block requires complete blockade of the accessory obturator nerve, when present. Since the accessory obturator and obturator nerves are not adjacent, obturator blockade does not assure accessory obturator block. Moreover, the accessory obturator nerve complicates assessment of obturator block effectiveness. Earlier studies did not account for its presence, potentially leading to flawed findings. Although the presence of the accessory obturator nerve is uncommon, it should be considered as a possible reason for inadequate block, in particular for hip surgery.
Measurements were taken at the L2-3 and L4-5 levels to determine the relationship between the lumbar plexus and the midline. The lateral femoral cutaneous nerve is the most lateral of the lumbar plexus, and its distance from the median sagittal plane at L4-5 (4.1±0.7 cm) is thus relevant. The distances of the medial and lateral borders of psoas major from the midline are also pertinent, since any paravertebral approach ideally delivers anaesthetic between these two borders. Our measurements were similar to those reported by Farny and co-workers 15 .
Paravertebral approaches to the lumbar plexus optimally position the needle between the medial and lateral borders of psoas major. Needle placement lateral to the outer border of psoas major may fail to deliver anaesthetic to the lumbar plexus. Moreover, needle placement medial to its inner border may produce direct injection into the paravertebral space or proximal spread of anaesthetic into this space, leading to bilateral neuraxial block. Further, medially oriented approaches may inadvertently produce sympathectomy, with the average distance of the sympathetic trunk from the midline being 2.0± 0.5 cm. Intravascular injection into the inferior vena cava or aorta is also possible. Therefore, L2-3 approaches ideally position the needle between 2.6±0.4 cm and 4.0±0.9 cm from the midline, and between 2.7±0.4 cm and 5.5±0.8 cm for L4-5 approaches.
The widely accepted paravertebral approaches position the needle between the medial and lateral borders of psoas major. The L4-5 approaches of Winnie and Chayen place the needle 4 to 5 cm and 5 cm from the midline respectively 21, 22 . Likewise, Hanna and colleagues described an L2-3 approach 3 to 5 cm from the midline 20 . As all these paravertebral approaches entail needle placement between the two borders of psoas major, they place the needle in close proximity to the lumbar plexus and are anatomically sound. However, since the more medial the approach, the higher the likelihood of bilateral epidural blockade, more lateral placement may result in fewer complications. For instance, needle placement 5 to 5.5 cm from the midline at L4-5 may be preferable, although clinical validation is required.
Statistically significant differences between genders were observed, with the diameter of psoas major being larger in male cadavers. The distance of both the medial and lateral border of psoas major from the median sagittal plane was larger in males at both L2-3 and L4-5. This is consistent with Farny and colleagues and may be due to the male cadavers in this study having larger dimensions or a systematic difference between genders 15 . Regardless, the observed differences are not clinically significant, being generally less than 3 mm. In particular, all the aforementioned paravertebral approaches position the needle within the psoas sheath in both males and females.
It is important to note that measurements were taken in cadavers rather than living humans. Post mortem shrinkage may mean the cadaver measurements are an underestimation of the dimensions in living humans. Measurements obtained through computed tomography or magnetic resonance imaging of living adults illustrate this, with the corresponding distances from the medial and lateral borders of psoas major to the midline being larger than those obtained from cadaveric specimens 15 . Furthermore, the existence of fascial planes in cadavers does not imply a conduit allowing the spread of anaesthetic solution. Cadaveric dissection merely provides a theoretical insight into lumbar plexus access. Correct anatomical positioning of the catheter does not necessarily result in an effective block. Thus, evaluation of the performance and efficacy of the various paravertebral approaches requires further clinical investigation.
Additionally, extrapolation of results from these sixty plexus specimens to the general population must be done with caution. Lumbar plexus anatomy is highly variable, as demonstrated by the incidence of anatomical variations. Further investigation of the implications of gender, ethnicity and age for lumbar plexus anatomy and blockade is necessary.
In conclusion, cadaveric dissection demonstrated that the lumbar somatic plexus lies within the substance of psoas major at the L4-5 level, suggesting that psoas compartment approaches provide indirect access to the plexus 21 . Direct delivery of anaesthetic into the substance of psoas major may improve clinical efficacy. Although dissection showed that all previously described lumbar plexus block approaches appear to be anatomically justified, modifications may increase efficacy and reduce complications.
